INTRODUCTION
The structural system of reinforced concrete flat slabs (two-way slabs without beams) is widely used in building construction during the last decades, as it offers significant advantages to all involved stakeholders (owners, engineers, architects, constructors), such as large open spaces, reduced story heights, simplified formwork, reduced construction time, and cost. Although slab-column systems are not expected to contribute to the lateral resistance of the structure due to their low horizontal stiffness, the slab-column connection must have the capacity to follow the seismically induced lateral displacements of the building while maintaining the capacity to transfer the vertical loads from the slab to the columns. Otherwise, brittle punching failure of the slab may occur and the deformation capacity of the entire building is limited by the deformation capacity of the slabcolumn connection if the building is not designed to resist progressive collapse.
When a slab-column connection is subjected to a combination of unbalanced moment and shear force, three different slab actions are contributing to the moment resistance 1 ( Fig. 1 ): 1) eccentric shear force, 2) flexure; and 3) torsion. As soon as the behavior of the slab-column connection subjected to an unbalanced moment becomes nonlinear, it is rather difficult to obtain an accurate and realistic estimation of the contribution of the different resisting mechanisms to the overall capacity of the slab-column connection. This is accentuated by the fact that the aforementioned resistance mechanisms are associated with different failure modes.
The ACI 318-14 2 Building Code provisions for the design of slab-column connections to resist seismically induced drifts are currently based on a simplified eccentric sheartransfer model for moment capacity and on an empirical relationship for deformation capacity. Punching failure for a flat slab without transverse reinforcement due to vertical load alone (concentric punching) occurs when the shear force at the control perimeter (assumed at a distance d/2 from the column face) reaches a critical value. When designing for a combination of vertical load and unbalanced moment, the latter is considered to be transferred partly by the eccentric shear force and partly by flexure. To compute the moment capacity, punching failure is assumed to occur when the maximum shear stress due to the vertical load (assumed to be constant along the control perimeter) and due to the unbalanced moment (assumed to vary linearly along the control perimeter faces that are subjected to torsion [ Fig. 1]) reaches the same limit value as for concentric punching (0.33√f c for f c in MPa [4√f c for f c in psi]). The deformation capacity is estimated using an empirical relationship that is based on the work by Pan and Moehle, 3 which links the drift capacity to the gravity-induced load. No calculation of induced moments Institute. All rights reserved, including the making of copies unless permission is obtained from the copyright proprietors. Pertinent discussion including author's closure, if any, will be published ten months from this journal's date if the discussion is received within four months of the paper's print publication.
Fig. 1-Internal actions in vicinity of column for vertical loading and inserted moment due to earthquake-type loading according to theory of elasticity.
is required when computing the deformation capacity. The provisions for the design of slab-column connections in the presence of seismic moments according to ACI 318-14 2 are presented in Appendix 1.
* A trilinear relationship between interstory drift and gravity-induced shear has been proposed by Hueste and Wight. 4 For the same gravity load, it predicts larger drift capacities than the provisions by ACI 318-14. 2 In 2009, Broms 5 proposed a model for calculating the critical connection rotation that leads to punching failure. Broms assumes that punching occurs when the concrete compression strain in the tangential direction at the column face reaches a critical value that depends on the height of the compression zone and the concrete compressive strength. Broms' method provides only estimates of rotation and moment at failure and not the entire moment-rotation relationship. In addition, Broms' model is limited to slab-column connections subjected to monotonic loading only.
In this article, a mechanical model is proposed for computing the entire moment-rotation relationship of slab-column connections subjected to seismic loading. This model allows for the computation of the contribution of each resisting mechanism-that is, eccentric shear, flexure, and torsion. To do so, the slab is divided into n sector elements and equilibrium is first formulated for each sector element and then for the entire slab. This permits the connection of local deformations of each sector element to the global rotation of the slab-column connection. The presented approach considers, in a first step, the slab region until 0.22L from the column axis (defined as slab-column connection region, L corresponds to the distance from midspan to midspan). In a second step, it can be combined with an effective beam width model for the slab region outside 0.22L to transform the connection rotation to the interstory drift. Drift-induced punching failure is determined by combination of the proposed model for computing the moment-rotation relationship with the failure criterion of the Critical Shear Crack Theory 6 (CSCT). The failure criterion distinguishes between monotonic loading, for which shear stress redistribution between sector elements is considered, and cyclic loading, for which shear stress redistribution is neglected.
RESEARCH SIGNIFICANCE ACI 318-14
2 adopts different approaches for calculating the unbalanced moment capacity of a slab-column connection and its deformation capacity under seismic actions. The influence of cyclic loading on the deformation capacity is accounted for empirically, while its influence on the moment capacity is overlooked. Therefore, there is a need for a mechanical model that correctly predicts the unbalanced moment, the corresponding connection rotation, and the deformation capacity accounting for cyclic loading conditions. * The Appendix is available at www.concrete.org/publications in PDF format, appended to the online version of the published paper. It is also available in hard copy from ACI headquarters for a fee equal to the cost of reproduction plus handling at the time of the request.
SLAB DEFORMATION RELATED TO
INTERSTORY DRIFT For evaluating the seismic performance of buildings in terms of displacements, structural engineers typically use the interstory drift ψ st -that is, the relative horizontal displacement between two adjacent floors divided by the story height. In structural systems of flat slabs and columns, the deformation of the slab and the column both contribute to the interstory drift
where ψ col and ψ slab are the contributions of column deformation and slab deformation to the interstory drift, respectively. In laboratory tests, the specimen size is often limited to the hogging moment area under gravity loads. It is usually assumed that the limit of this area is located at a distance of r = 0.22L from the column axis, 7 where L is the midspanto-midspan distance. In reality, the slab region inside and outside r = 0.22L are contributing to the rotation due to slab deformation
where ψ scc and ψ os are the rotation due to the deformation of the slab-column connection (defined as slab region inside r = 0.22L) and the rotation due to the deformation of the outer portion of the slab (outside r = 0.22L up to r = 0.50L), respectively.
To assess the contribution of ψ scc and ψ os to the slab deformation ψ slab , a slab element with continuity boundary conditions and subjected to horizontal loads was analyzed using the finite element program SAP2000 (CSI 8 ). Continuity was provided through restraining of the slab edges parallel to the lateral force against rotation about an axis parallel to the edge while the slab edges perpendicular to the lateral force were constrained to have equal deflections and rotations about an axis parallel to the edge. The contribution of each component is the rotation at the central node of the slab-column connection after the assignment of rigid body conditions to all remaining components. In this model, the column is modeled by a rigid beam element and the slab by layered shell elements to which nonlinear material laws are assigned. The layered shell formulation adopted for the numerical modeling uses smeared reinforcement. The analysis is nonlinear static and yields the moment-rotation relationship due to flexural deformations of the slab but cannot account for punching failure. Details with respect to the numerical modeling can be found in Appendix 2. Figure 2 illustrates both contributions ψ scc and ψ os to the slab rotation ψ slab for a flexural reinforcement ratio of 1.50% in the hogging moment area. Because the model captures only flexural failure, Fig. 2 also shows horizontal lines that correspond to the moment at punching failure according to ACI 318-14. 2 For this horizontal load level, the slab-column connection rotation ψ scc contributes approximately 75% to 80% to the total slab rotation ψ slab , the remaining part being contributed by the slab region outside r = 0.22L.
Contribution of slab-column connection to slab deformation
This section analyzes characteristics of the slab deformations inside 0.22L using the SAP2000 analysis presented in the previous section. When a slab-column connection is subjected to an unbalanced moment, the local slab rotations vary along the perimeter r = 0.22L. The location of the investigated points is described by the angle φ, which is measured with regard to the bending axis y (Fig. 3(a) ). Figure 3 (a) shows the variation of the slab rotation with φ for vertical loads alone (black line) and for three different horizontal load levels (colored lines). When only vertical loads are applied, the system is approximately axis-symmetric and the slab rotation is almost constant. When an unbalanced moment about the y-axis is introduced, the slab rotation varies with φ and the relationship between maximum local slab rotation (for φ = π/2) and minimum slab rotation (for φ = 3π/2) follows approximately a sinusoidal law. This observation has been confirmed experimentally for slab-column connections subjected to constant shear force and increasing moment (Drakatos et al. 7 ) . This relationship will be assumed in the mechanical model to connect the local slab rotations to the global rotation of the slab-column connection.
Figure 3(b) shows the profile of slab deflections along the x-axis for the same load levels as in Fig. 3(a) . It shows that the profile of slab deflections is approximately linear between r = d (slab effective depth) and r = 0.22L. This means that the curvature in radial direction of the slab-column connection in the region r > d can be neglected. The assumption of a rigid behavior of this region 6, 9 is thus also confirmed for the case of slab-column connections with unbalanced moment.
Contribution of slab region outside 0.22L to slab deformation
The slab part outside r = 0.22L contributes approximately a quarter to the total slab rotation (dashed-dotted lines, Fig. 2 ). To estimate this contribution using a simple mechanical approach, an effective beam width model is employed. In this model, the column is modeled as rigid but with its actual dimensions. The slab is modeled by a beam to which a width αl 2 is assigned, where l 2 is the transverse span. 10 The width reduction coefficient α can be derived assuming the same rotational stiffness for the full-width slab (real system) and the equivalent beam (fictitious system)
where M is the moment transferred to the slab-column connection; l 1 is the distance between columns (equal to L); E c is the modulus of elasticity of concrete; and h is the slab thickness. The slab rotation ψ os is then obtained from a simple beam model where the column and the slab inside r = 0.22L are modeled as rigid. The slab outside r = 0.22L is modeled as an elastic beam with a width αl 2 and height h . For the calculation of the reduction coefficient α (Eq. (3)), the unbalanced moment M and the corresponding rotation due to slab deformation ψ slab are obtained from the moment-rotation relationship of the slab-column connection, which is presented in the next section. Note that cracking is directly accounted for by the width reduction coefficient α. For the validation, M and ψ slab were taken from the layered shell element model and the rotation ψ os , which was obtained by the effective beam model, was compared to that of the finite element model (Fig. 2) . The difference in rotations was smaller than 10%. The slab outside r = 0.22L also has an effect on the moment capacity by providing a confining effect. [11] [12] [13] This is, however, not considered in the analytical model presented in this paper.
MOMENT-ROTATION RELATIONSHIP
This section presents the theoretical background of the proposed model for the moment-rotation relationship of a slab-column connection subjected to a seismically induced moment. The model is derived from the axisymmetric model developed by Kinnunen and Nylander 9 and Muttoni 6 for slabs subjected to gravity loads. In the original model, the slab is divided into an even number n of sector elements and the region inside the shear crack. Because that model is axisymmetric, the equilibrium formulation can be reduced to one sector element. For the case of a seismically induced moment, several modifications of the axisymmetric analytical model are introduced, which are presented first. Next, equilibrium is formulated for a sector element and then for the entire slab specimen until r = 0.22L. It follows the approach for computing the slab-column connection rotation. To compute the total slab rotation, also the deformation of the slab part outside r = 0.22L needs to be considered, which is presented in the final part of this section.
Assumptions
As already shown in Fig. 3(a) , the slab rotation of the sector elements follows approximately a sinusoidal law with regard to the location described by angle φ. The slab rotation of the sector element at angle φ with regard to the bending axis y is therefore
where ψ max and ψ min are the maximum slab rotation for φ = π/2 and the minimum slab rotation for φ = 3π/2, respectively. Moreover, experimental evidence shows that radial curvatures concentrate in the slab area between column axis and shear cracks. 6 In case of slab-column connections with unbalanced moment M, tests by Drakatos et al. 7 showed that the inclination of critical shear cracks depends on the ratio of unbalanced moment M to shear force V (Fig. 4(a) and (b) ), subsequently referred to as eccentricity e. Based on these observations, it is assumed that the radius r 0 of the critical shear crack is equal to e =M/V, but not smaller than r c + d (Reference 6)
Past experimental evidence showed that reversed cyclic loading affects the ultimate rotation capacity but does not affect to a significant degree the moment-rotation relationship of slab-column connections before failure. 7, 14 For this reason, the present study assumes that the response envelope under cyclic loading is represented by the monotonic moment-rotation curve.
Equilibrium of sector elements (local level)
The assumption of different rotations at different angles ( Fig. 5(a) ) from the bending axis implies that the moment is introduced from the column to the slab not only by a flexural moment but also by a torsional moment and an eccentric shear force. This can be demonstrated by formulating equilibrium for a sector element as shown in Fig. 5 .
It is further assumed that no shear transfer occurs between adjacent sector elements. In reality, the shear force will not be zero. However, nonlinear analyses of slab-column connections have shown that the shear flow follows approximately radial lines from the column to the slab perimeter.
Analytical considerations have shown that the torsional curvature at the sector element face χ rt is maximized at the bending axis (φ = 0 and φ = π) and the column proximity. Tests on slab-column connections 7 have shown that torsional cracking occurs rather early, resulting in rapid reduction of the torsional rigidity. For this reason, this paper neglects the moments M tor (φ -Δφ/2) and M tor (φ + Δφ/2). M tan (φ -Δφ/2) and M tan (φ + Δφ/2) are the integrals of the tangential moments at the faces of each sector element ( Fig. 5(a) ). These moments can be determined directly as a function of the assumed rotation and a quadrilinear moment-curvature relationship where EI 0 and EI 1 are the slab stiffness before and after cracking; m cr and m R are the cracking moment and moment capacity, respectively, per unit width; χ TS is the curvature due to the tension stiffening effect; and r 0 , r y , r 1 , r cr , and r s are the radii of the critical shear crack, the yielded zone, the zone in which cracking is stabilized, the cracked zone, and the circular isolated slab element, respectively. The operator 〈x〉 is x for x ≥ 0 and 0 for x < 0. Equation (6) for the calculation of the tangential moment M tan (φ) is taken directly from the analytical model proposed by Muttoni. 6 For the case of seismically induced deformations, the local slab rotation ψ depends on the angle φ of the sector element with regard to the direction of seismic loading and the radius r 0 of the critical shear crack is updated as a function of the eccentricity (refer to Eq. (5)) to take into account the fact that the shear force becomes less determinant as eccentricity increases. Therefore, the integral of the radial moment for a sector element at angle φ and r = r 0 is M rad (φ,r 0 ) = m r (φ)r 0 ∆φ (7) where m r (φ) is the radial moment per unit width at r = r 0 as function of the radial curvature.
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If φ i is the angle formed by the axis of bending and the bisector of the i-th sector element, the shear force that can be carried by this sector element is derived by moment equilibrium in the radial direction with respect to the center of the column with radius r c
The moment equilibrium in the tangential direction gives the torsional moment that is carried by the connection for the i-th sector element
The radial and torsional moments at the perimeter of each sector element M rad (φ i ,r s ) and M tor (φ i ,r s ) (Eq. (8) and (9), respectively) are obtained using an Effective Beam Width Method, as will be shown in the following section.
Equilibrium of shear forces at the column edge gives the total shear force acting on the connection for the load step k
Moment equilibrium at the column edge gives the total moment acting on the connection (parallel to the unbalanced moment) for the load step k
The three terms of Eq. (11) represent the contribution of flexure, torsion, and eccentric shear force to the total unbalanced moment.
Global equilibrium of slab specimen
For the case of uniformly distributed vertical loading alone, formulating the equilibrium for one sector element is equivalent to formulating the equilibrium for the entire circular slab because ψ max = ψ min = ψ v ( Fig. 6(a) ). If a seismic moment is added, the slab rotations vary between sector elements and therefore equilibrium has to be formulated locally for each sector element and globally for the entire circular slab (Fig. 6(b) ).
The unbalanced moment is applied about the y-axis. The adoption of the kinematic law of Eq. (4) implies symmetry about the x-axis (φ = π/2 and φ = 3π/2) and therefore the moment about the x-axis is always zero. To ensure global equilibrium about the y-axis, the following procedure is adopted: For each load step k, a new value of ψ max is chosen. To determine all local slab rotations by means of the sinusoidal law, one needs to choose a value ψ min , which is iterated such that the sum of all shear forces ΔV i is equal to the shear force V that is applied to the slab-column connection. The shear force V is assumed as constant because it results from gravity loads. Because lateral loads induce rather insignificant axial forces in interior columns, this assumption is more representative for interior bays. On the other hand, for exterior bays, the axial force variation due to lateral load should be considered, which can be done effectively using the proposed model. To obtain the moment-rotation curve, the radius r 0 of the shear crack is adapted at each load step k as it is assumed to be equal to the attained eccentricity
The aforementioned iterative procedure can also be used if M k or e k rather than V k is constant-that is, situations that can be found when constant horizontal loads act on columns or when slabs with unequal spans are subjected to vertical load alone.
Slab-column connection rotation
The previous section yields a relationship between the unbalanced moment M and the local slab rotations ψ(φ). To determine a relationship between unbalanced moment and slab-column connection rotation ψ scc , a relationship between the local rotations ψ(φ) and the connection rotation ψ scc is needed. Figure 7 (a) shows the deformed shape of the slab analyzed previously until midspan (0.50L). Because the proposed model assumes that only the cone inside the shear crack deforms and each element outside the shear crack behaves in the radial direction as a rigid body, the deformed shape of the top slab surface is linear only outside the shear crack ( Fig. 6(b) ). The connection rotation ψ scc can be defined using either local slab rotations (ψ scc.rot ) or local slab deflections (ψ scc.defl ). If the definition is based on rotations, ψ scc.rot can be calculated as the average of the maximum and minimum local rotations ψ max and ψ min ( Fig. 7(a) )
If the connection rotation ψ scc.defl is computed from deflections, one obtains
where Δ max and Δ min are, respectively, the maximum and minimum local slab deflections at a distance Δr + c/2 = 0.22L from the column center along the x-axis (points A and A' in Fig. 7 ), where c is the column size. The definition of the slab-column connection rotation with respect to test configurations of previous experimental campaigns on isolated specimens is shown in Appendix 3.
Rotation due to slab deformation outside slabcolumn connection
The presented model for the moment-rotation relationship considers only the slab region inside 0.22L (ψ scc ). To obtain an accurate prediction of the total slab deformation ψ slab , the rotation ψ os should also be accounted for. This can be performed by calculating the radial and tangential moments M rad (φ i , r s ) and M tor (φ i , r s ) at the perimeter of each sector element. For this purpose, a beam that connects the perimeter of the considered sector element with the perimeter of the sector element of the opposite column ( Fig. 7(b) ) is used. When the slab is subjected to a rotation ψ(φ i ) at Node 1 and ψ(2π -φ i ) at Node 2, the moment at Node 1 can be found using the elastic solution
where the bracketed term represents the projection of the slab rotation to the y-axis (perpendicular to the axis of each beam); L(φ i ) is the length of the beam that connects the sector element at angle φ i with the sector element at angle 2π -φ i ; and EI k -1 (φ i ) is its stiffness calculated using the Effective Beam Width Method
where M k-1 and ψ slab.k-1 is the unbalanced moment and the total rotation due to slab deformation at the load step k-1. The last fraction of Eq. (16) is inserted so that the sum of the width of all effective beams yields the width of one single effective beam that represents the slab action (Eq. (3) and Appendix 2). The radial and torsional moments M rad (φ i , r s ) and M tor (φ i , r s ) at the perimeter of each sector element can be found by projecting the moment calculated using Eq. (15) to the radial and tangential direction, respectively
Fig. 7-(a) Deformed shape of slab until midspan according to finite element analysis and proposed model for combined vertical and lateral loads; and (b) Effective Beam Method for calculating contribution of outer slab part to total deformation.
FAILURE CRITERION In the following, two failure criteria for drift-induced punching are proposed, which are both based on the failure criterion of the CSCT. 6 One failure criterion is applied to slabs subjected to monotonic loading and the other to slabs subjected to cyclic loading. The criteria differ with regard to the assumed shear force redistribution. Shear redistribution from sector elements with higher rotations to sector elements with smaller rotations has been previously 15 found to significantly influence the punching strength and corresponding rotation of slabs loaded and/or reinforced in a non-axisymmetric manner.
For slabs subjected to monotonic loading, it is assumed that failure occurs when the shear force reaches the shear resistance for the hogging slab half. This criterion is denoted by CSCT(mono). For slabs subjected to cyclic loading, shear redistribution is neglected and failure is assumed to occur when the sector subjected to the largest slab rotation reaches the CSCT-failure criterion. This is denoted by CSCT(cyc). In the following, the two failure criteria are described.
The failure criterion CSCT(cyc) applied to cyclically loaded slabs predicts smaller rotation capacities than the failure criterion CSCT(mono) applied to monotonically loaded slabs. Cyclic loading leads to an accumulation of plastic strains and therefore to an increase in crack opening with each cycle. If symmetric cycles are applied, ψ min increases with increasing number of cycles. For the same slab rotation ψ scc , ψ max is therefore larger and so are the crack widths of the hogging slab half, which in turn lead to a reduced shear force redistribution between adjacent sector elements. To account for this phenomenon implicitly, different failure criteria are applied to monotonically and cyclically loaded slabs. This implicit approach is chosen because the analytical model does not account for the effect of the loading history on the moment-rotation relationship.
Approach accounting for shear stress redistribution (CSCT(mono))
Based on the work of Sagaseta et al. 15 on nonaxisymmetric punching, it is assumed that failure of monotonically loaded slabs occurs when the sum of the shear forces acting on the sector elements of the hogging slab half (0 ≤ φ ≤ π) is equal to the sum of the shear resistance of these sector elements
where r c ′ is the nominal radius for shear calculation, which for square columns is adjusted to give the same perimeter (that is, r c ′ = 2c/π), and v R (φ) is the shear resistance per unit length in MN/m 
where f c is the concrete compressive strength; d g is the maximum aggregate size; and d g.0 is the reference aggregate size, which is assumed to be equal to 16 mm (0.63 in.). For imperial units (psi [in.]), the factor 0.75 has to be replaced by 9. Note that the effective depth d changes with φ to account for the different effective depths for bending around the xand y-axis. One can either apply a cosinusoidal interpolation for intermediate angles or use an average value for all angles. The former is applied for the calculations presented in this paper.
Approach based on maximum rotation (CSCT(cyc))
In this article, the CSCT(cyc) approach is used for slabs subjected to cyclic moments with increasing amplitude. This approach neglects a possible redistribution of the shear force to adjacent sector elements, which are subjected to smaller rotations than the maximum rotation ψ max . It is assumed that punching failure occurs when the shear force that is carried by the compression strut (that is developed along the shear crack) of the sector element with the maximum rotation ψ max is equal to the shear resistance of this sector element. According to the CSCT (Muttoni 6 ), the shear resistance of the sector element subjected to the maximum rotation ψ max can be computed as 
where b 0 (Δφ) is the part of the critical section that belongs to the sector element with the maximum rotation. The critical section is assumed to be at a distance of d/2 from the column face. Here again, for f c expressed in psi, the factor 0.75 has to be replaced by 9. All calculations presented herein were conducted using 8, 16, and 32 sector elements and no difference was observed in the obtained results. The choice of 16 sector elements (that is, Δφ = 22.5 degrees) is optimal, as it fits rather well with radial cracking patterns from experiments and is not computationally too expensive.
VALIDATION OF PROPOSED MODEL
The proposed model is compared to tests on slab-column connections under combined vertical load and increasing moment that are reported in the literature. Each test campaign measured the slab-column rotation differently. Appendix 3 outlines for each campaign how the measured quantities are estimated with the analytical model. More information on the selected tests is provided in Appendix 4 ( Tables 1,  7 ,16-20 2, 7,19,21-35 and 3; tests under constant eccentricity). The predictions of the proposed model for moment and deformation capacity are shown in tabulated form in Appendix 5 (Tables 4  7,16-20 and 5 7,19,21-35 using the failure criterion CSCT(mono) for monotonic tests and CSCT(cyc) for cyclic tests. In addition, the predictions of ACI 318-14 2 and the model of Broms 5 are presented in the same tables. In the following, the performance of the proposed model to predict the moment strength and the deformation capacity of slab-column connections is discussed. The evaluation is presented for square isolated slab specimens without transverse reinforcement supported on square columns subjected to constant vertical load and quasi-static monotonic or cyclic moment. Tests on slabs subjected to constant eccentricity and monotonically increasing shear force (or equally moment) are not presented in the main part of the paper because the present study focuses on the seismic behavior of slab-column connections. Predictions for these tests can be found in Appendix 6 (Table 6 ). For all isolated specimens, the moment-rotation relationship was calculated assuming that each sector element extends until the inflection point under uniform vertical loading (r s = 0.22L). For tests using setup (c) (according to Fig. A6 in Appendix 3) where the vertical load was applied on the slab surface, the radius of the specimen is equal to 0.50L. For these cases (represented by square markers), the radial and tangential moments acting on the perimeter of the sector elements were not set to zero and effective beams were used to bridge the distance between 0.22L and 0.50L to account for the influence of the outer region of the slab on the moment-rotation response. For all other cases (represented by round markers), 0.22L corresponds to the specimen radius and, therefore, the radial and tangential moments acting on the slab perimeter were set to zero.
Moment capacity
The moment capacity predicted by ACI 318-14, 2 Broms' model, 5 and the proposed model are compared to the experimentally obtained moment capacities in Fig. 8 and 9 . The abscissas of the graphs represent the normalized shear strength-that is, the shear force at failure divided by b 0 d√f c , where d is the average effective slab depth, f c is the concrete compressive strength, and b 0 is the control perimeter located at d/2 from the face of the column, calculated with rounded corners. 36 Note that the normalized shear force V/b 0 d√f c should be multiplied by 3 when using SI units and divided by 4 when using imperial units to obtain the Gravity Shear Ratio (GSR) defined according to ACI 318-14. 
Fig. 9-Moment capacity predictions for specimens subjected to constant vertical load and cyclically increasing moment according to: (a) ACI 318-14
( Fig. 8(b) ) with respect to the mean value of the ratio M pred / M exp (1.04) but the results are largely scattered (COV = 22%). The proposed model combined with the CSCT(mono) (Fig. 8(c) ) yields higher prediction accuracy than Broms' model 5 with respect to the average ratio of M pred /M exp (1.02) and significantly reduced scatter (COV = 11%).
The predictions of ACI 318-14 2 for the moment strength of slabs subjected to cyclically increasing moment ( Fig. 9(a) ) display decreased conservatism compared to the predictions for slabs subjected to monotonically increasing moment ( Fig. 8(a) ) (0.72 ± 0.18). The proposed model combined with CSCT(cyc) (Fig. 9(b) ) offers higher prediction accuracy with respect to both average ratio and scatter of predicted to observed moment capacities M pred /M exp (0.96 ± 0.07). Note that Broms' model is not applicable to cyclically loaded slabs. 
Deformation capacity
For seismic loading, the deformation capacity is as important as the moment capacity. Figures 10 and 11 present the predictions of ACI 318-14, 2 Broms' model, 5 and the proposed model as ratio of calculated to measured rotation of the slab-column connection at peak moment. Although the conventional definition of the rotation capacity of structural members accounts for a reduction of 20% in strength, due to the brittle nature of the punching failure, this can be approximated by the rotation at maximum strength. The tests were conducted under constant shear force and monotonically (Fig. 10) or cyclically (Fig. 11) increasing moment. Broms' model 5 is only compared to monotonic tests and ACI 318-14 2 only to cyclic tests. Monotonic tests had all been performed on slab specimens of the size 0.44L x 0.44L. Cyclic tests had, however, partly been conducted on slab specimens of the size 1.0L x 1.0L. In this case, the total slab rotation ψ slab was computed using the Effective Beam Width Method described previously.
For monotonic tests, Broms' model 5 ( Fig. 10(a) ) overestimates in average the rotation capacity and the prediction is also associated to a large scatter (1.64 ± 0.60). The proposed For the slab rotation of slabs subjected to constant shear force and cyclically increasing moment, ACI 318-14 2 ( Fig. 11(a) ) provides in average conservative predictions with rather high scatter (0.73 ± 0.35). The model proposed by Hueste and Wight 4 ( Fig. 11(b) ) gives more precise average predictions but with similar scatter (1.05 ± 0.36). The CSCT(cyc) provides slightly conservative predictions and the scatter is reduced (0.95 ± 0.12) when compared to ACI 318-14 2 and the model of Hueste and Wight 4 ( Fig. 11(c) ).
DISCUSSION

Seismic rotation capacity
The proposed model is, in its current form, deformation-based and therefore integration in force-based design procedures is rather difficult. However, deformation-based models are steadily gaining significant popularity within the framework of performance-based seismic design that is of great importance for earthquake engineering. This section discusses the sensitivity of the rotation capacity of slabcolumn connections to several parameters. Figure 12 shows the predicted slab rotation ψ slab at peak moment according to the analytical model. The drift limit of ACI 318-14 2 and the drift limit proposed by Hueste and Wight 4 are also shown in the same graphs. All graphs of Fig. 12 show that the larger the gravity-induced shear, the smaller the rotation capacity of slab-column connections, as has been observed by others. [3] [4] [5] 37 The proposed model accounts for the effect of cyclic loading through the failure criterion (CSCT(cyc) against (CSCT(mono)). Figure 12(a) shows that the predicted deformation capacity under cyclic loading is between 5 and 45% smaller than for monotonic loading. The reduction in rotation capacity due to cyclic loading is more important for smaller gravity loads, confirming prior experimental observations. 7 The model confirms Broms' observation that the rotation capacity decreases with increasing size of the slab (Fig. 12(b) ) with the slab span L and the column size c being increased proportionally to the effective depth d. Although the top reinforcement ratio significantly influences the local slab rotations, its effect on the rotation capacity of the slabcolumn connection is less pronounced (Fig. 12(b) ). The column size has a significant effect on the rotation capacity. For the same gravity load, larger column size to effective depth ratio c/d confers higher rotation capacity (Fig. 12(b) ).
The drift limit of ACI 318-14 2 for flat slabs represents a safe approach for a slab with d = 120 mm (4.7 in.). However, a slab with d = 240 mm (9.4 in.) does not reach the rotation capacity predicted by ACI 318-14 2 for a gravity load ratio GSR < 0.55 and > 0.7 ( Fig. 12(b) ). For GSR > 0.7, this observation is supported by experimental data (refer to Table 5 ). This is expected because the drift limit of ACI 318-14 2 is based on experimental research on slabs with thickness h ≤ 152 mm (6 in.).
If a minimum rotation capacity-for instance, 0.5%-is required for the slab-column connection, the 120 mm (4.7 in.) slab meets this requirement for every gravity load value (as long as GSR < 1). For the 240 mm (9.4 in.) slab, the gravity load ratio GSR has to be limited to 0.7 to reach a drift of 0.5%. If the building is designed for a drift value of 2.0%-a value that is often quoted as drift limit for RC wall buildings-the GSR must be smaller than 0.35 for slabs with d = 120 mm (4.7 in.), which is close to the value proposed by Hueste and Wight 4 (GSR < 0.36). For slabs with d = 240 mm (9.4 in.), the GSR must be limited to 0.22. This discussion accounted only for the contribution of the slab deformations to the interstory drift. The effective interstory drift capacity will be larger than the calculated slab rotation because the column deformation will also contribute to the interstory drift capacity (Eq. (1)).
CONCLUSIONS
This article presents a mechanical model for the moment-rotation relationship of slab-column connections without transverse reinforcement that are subjected to Fig. 12 gravity loads and seismically induced lateral deformations. The model accounts explicitly for the three different loadtransfer actions between slab and column-that is, eccentric shear, flexure, and torsion. The failure criterion of the Critical Shear Crack Theory (CSCT) 6 is adapted to predict the moment and rotation capacity of the slab-column connection. The effect of cyclic loading is considered by neglecting shear force redistribution between sector elements of the hogging slab half. The model was validated against 18 monotonic tests and 35 cyclic tests from 22 test campaigns reported in the literature. The comparison showed that the model predicts both moment and rotation capacity with a small bias and significantly smaller variability than existing analytical or empirical models. The model is used to investigate the sensitivity of the rotation capacity of slab-column connections to various parameters:
1. The model confirms that the rotation capacity of slab-column connections reduces with increasing gravity shear ratio.
2. The model also confirms the experimental finding that cyclic loading leads to smaller slab rotation capacities than monotonic loading. In addition, the smaller the gravity load, the larger the reduction in rotation capacity due to cyclic loading.
3. It is shown that an increase of the slab effective depth (slab span to effective depth ratio L/d and column size to effective depth ratio c/d maintained constant) leads to a significant reduction in rotation capacity (size effect on rotation capacity). For this reason, empirical models for the rotation capacity of slab-column connections should not be applied to larger slabs than those used for the calibration of the empirical model.
4. The column size has a significant effect on the rotation capacity. For the same GSR (gravity shear ratio), larger column size to effective depth ratio c/d leads to a higher rotation capacity.
5. While the influence of the top reinforcement on the moment capacity is paramount, its influence on the rotation capacity of the slab-column connection is rather small.
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ACI-318 provisions for moment transfer in slab-column connections 2
Itis assumed that a fraction of the unbalanced moment (equal to the coefficient γv) is resisted 3 by the eccentric shear force mechanism. The shear stresses due to the unbalanced moment M 4 are superimposed to the shear stresses due to vertical loads V:
where b0,ACI is the length of the control perimeter (located at a distance of d/2 from the column 8 face), jd is the distance between the centroid and edge of the critical perimeter, and Jc is the 9 polar moment of inertia of the critical perimeter. 10
The total maximum shear stress vR acting on the control perimeter is: 11
where βc is the ratio of long to short side of the column and αs is a parameter equal for 40 for 14 where VR is the punching strength of the slab-column connection according to Eq. A.2. 8 9
APPENDIX 2 10
Numerical analyses 11
To simulate the behavior of an internal slab-column connection, an element L x L with 12 continuity boundary conditions (Fig. A1(a) ) was analyzed using the finite element program 13
SAP2000 (CSI
Error! Reference source not found.
). The moment at the slab-column connection was 14 inserted through incrementally increasing lateral loads at the top of the column stub while 15 monitoring the rotation at the slab-column node. A uniform gravity pressure qV was applied at 16 the slab surface to simulate the vertical loads. The slab was modeled using nonlinear layered 17 shell elements with a Mindlin-Reissner formulation to include transverse shear deformations. Perfect bond between concrete and reinforcing bars was assumed. The tensile strength of the 1 concrete was assumed to be zero since using a non-zero stress-strain law for tension resulted 2 in considerable convergence issues in SAP2000. The column member was modeled as rigid 3
and was pinned at the base (δx,y,z = 0) and free at the top. The slab edges parallel to the x axis 4 were restrained against rotation about the same axis (θx = 0) whereas the other edges were 5 constrained to have the same vertical displacement (δz) and rotation about the y axis (θy) as 6 shown in Figure A1(a) . Since the column is rigid (ψcol = 0, Fig. A1(a) ), the slab rotation (ψr<0.22L 7 + ψr>0.22L) is equal to the interstory drift ψst. 
APPENDIX 3 9
Test setups for experimental investigation of flat slabs under seismically-induced 10 deformations 11
For tests on a single interior slab-column connection different test setups were developed 12 concerning the slab and column boundary conditions as well as the way lateral loads were 13 simulated. However, all test setups can be assigned to one of the following three schemes (Fig.  14 
A2): 15
 Test setup (a): the unbalanced moment is introduced by an eccentric vertical load and by 16 restraining the vertical displacement of the slab ends (Fig. A2) . 17
 Test setup (b): the unbalanced moment is introduced by applying unequal vertical loads 1 to the ends of the slab and by restraining the horizontal displacement of the column stub 2 ends ( Fig. A2 and A3) . 3  Test setup (c): the unbalanced moment is introduced by applying a horizontal force to 4 the top column stub and by restraining the vertical displacement of the slab edges (Fig.  5 A2 and A3). The vertical load is applied either by jacks underneath the column stub 6 (monotonic tests - Fig. A2 ) or by weights on the slab surface (cyclic tests - Fig. A3 ). 7
The setup configuration adopted in each test campaign is indicated in column 1 of Tables 1 and  8 2 (Appendix 4), after the year of publication of the associated article. 9
Fig. A2 -Test setup configurations used in previous experimental campaigns for slabcolumn connections with monotonic moment transfer (Drakatos et al.
Error! Reference source not found.
).
10
Fig. A3 -Test setup configurations used in previous experimental campaigns for slabcolumn connections with cyclic moment transfer.
Setup (a)
Setup ( ). This definition was therefore used both for the experimental peak 4 connection rotations (Appendix 4) and the predicted peak connection rotations (Appendix 5) 5 for the slabs tested using this setup. 6 7
Setup (c) 8
For setup (c) the deformed shape of the slab depends on the way the vertical loads are applied: 9
For vertical loads applied by jacks underneath the column stub (Fig. A5 ) the deformed shape 10 resembles the deformed shape for setup (b) (Fig. A4) ; for vertical loads applied on the slab 11 surface (Fig. A5 ) the deformed shape is significantly different since the slab region between r 12 =0.22L and 0.50L contributes to the slab deformation. 13 According to the proposed model the slab-column connection rotation based on rotations is: 1
The connection rotation based on deflections is: 2
For setup (c) with the vertical load applied on the column, since the deflections of the tip of 3 the hogging and sagging slab half relative to the column center (Δmax.abs and Δmin.abs 4 respectively) are equal (Fig. A6) , the connection rotation that is calculated according to the 5 proposed model based on rotations is equal to the interstory drift (with zero rotation due to 6 column deformation). Therefore, this last definition of connection rotation -(ψscc.rot -Eq. 7
(Error! Reference source not found.)) will be used for the comparison of the proposed model 8 with experimentally measured interstory drift for tests using setup (c) (Appendix 5). 9 For setup (c) with the vertical load applied on the slab surface, since the slab part between 1 0.22L and 0.50L contributes to the rotation due to slab deformation ψslab, the connection 2 rotation that is calculated according to the proposed model is smaller than the interstory drift 3 (with zero rotation due to column deformation). For this case, an effective beam model should 4 be established in order to calculate the contribution of the slab part outside 0.22L to the 5 interstory drift. 6
It should be mentioned that for the experimental investigation using the setups that are the 7 most suitable for simulating seismically-induced deformations (setups (b) and (c)) a 8 contribution of column deformation to the interstory drift could occur. However, for setup (b) 9 the column was most times post-tensioned to reduce column deformation (Drakatos et al.
Error!
10
Reference source not found.
) and for setup (c) the column was typically designed to remain elastic 11 during the moment introduction. Nevertheless for both setups the contribution of column 12 deformation was measured by most researchers and subtracted from the measured connection 13 rotation. 14 15 1 .320 ǂ Rotation due to slab deformation ψslab for tests using setup (c) with the vertical load applied on the slab (to account for simply supported slabs the first term "2" in Eq. Error! Reference source not found. is replaced by "3", the second term "2"and the term "3"are omitted ) *inconsistently high drift measurement (communication with the authors) 1m = 3.18 ft
APPENDIX 6 1
As can be seen from Figure A7 shows the same trend 8 but with significant strength overestimation (1.07± 0.19), in particular for low vertical loads at 9 failure (Fig. A7(b) ). For the predictions of the proposed model combined with CSCT(mono) 10 (Fig. A7(c) ) this trend can still be visible but the mean value of the ratio Vpred / Vexp falls to 1.01 11 and the scatter is significantly reduced (COV = 10%). 12 estimates of the deformation capacity of slab-column connections subjected to cyclic loading. 8
Therefore, no comparison with monotonic test results was performed. 9
As can be seen from Figure A8 calculating using the failure criterion that accounts for shear 10 redistribution ( Fig. A8(a) ) renders the predictions of the maximum local slab rotation at peak 11 moment less conservative in average as compared to the calculation using the CSCT(cyc) 12 failure criterion (ratio of predicted to observed values: 0.99 ± 0.13 and 0.79 ± 0.13, 13 respectively). 
